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Introduction 32
Athabasca Valles is an outflow channel ~300 km long and ~20 km wide located in the Elysium Planitia re-33 gion of Mars. The channel is thought to have been carved by a high-discharge flood of water, an interpreta-34 tion based on features such as streamlined islands and a low number of tributaries (e.g., Burr infilled by fluid lavas, whereas others argue for a purely fluvial/lacustrine origin (i.e. debris covered ice, or 43 textures related to the disappearance of a frozen lake) to form the present surface morphology (e.g., 44 Brackenridge, 1993; Murray et al., 2005) . Irrespective of whether the current surface is volcanic or ice-45 related, the majority consensus is that Athabasca Vallis was created by fluvial floods, although the hypothe-46 sis of it being carved by fluid lavas remains, and indeed this hypothesis has been proposed for outflow 47 channels on Mars in general (Leverington, 2011) . 48
The origin of the flood waters have been attributed to dike intrusions and faulting, leading to melting of 49 large amounts of cryospheric ice (Berman and 
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Putative subaqueous dunes (Burr et al., 2004) were identified using Mars Orbiter Camera Narrow Angle 54 (MOC NA; e.g., Malin and Edgett, 2001 ) images in Athabasca Vallis. They occur in regions expected to have 55 been inundated with flood waters, 60 km down-reach of the channel head (Burr et al., 2004) . Burr et al., 56 (2004) used photoclinometry to characterize dune morphometry and applied hydraulic modelling to these 57 data to estimate the discharge of the palaeofloods. The MOC NA images used for this study had a spatial 58 resolution of about 2 m per pixel, and the photoclinometry techniques they applied have some caveats 59 (such as consistent albedo across the features being an assumption), however the authors concluded that 60 the data were sufficiently good to support the hypothesis that the dunes were formed by the fluvial flood-61 ing, and that the discharge was ~2×10 6 m 3 s -1
. 62
In this work, we test the hypothesis that these are flood-formed dunes as proposed by Burr et al., 
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ous dunes rather than antidunes or aeolian dunes. They noted that "the blunt concordant outer termina-122 tions of the dunes, the dunes' contiguity to the streamlined form and their albedo appear more consistent 123 with subaqueous formation (than aeolian)". Burr et al. (2004) used photoclinometry to measure the topog-124 raphy of these dunes and, by comparison of these data to Siberian flood-formed dunes (Carling, 1996b) , 125
argued that the Martian bedforms were comparable with the Siberian dunes in size and shape, and hence 126 could be used to estimate flood discharge using the Carling (1996b) 
Method 129
Creation of Digital Terrain Models from HiRISE stereo images 130
Of the four study areas, sites 1-3 had available HiRISE stereo images (the Athabasca Vallis area studied 131
by Burr et al. (2004) , the Athabasca overspill area, and the Lethe Vallis upstream region) at time of writing. 132
The other area, the downstream Lethe Vallis area, has good coverage in CTX data but CTX-derived stereo 133 products are of too coarse a resolution to be used in this study. We followed standard techniques to create 134 the stereo DEMs (Kirk et al., 2008) , using the Integrated Software for Imagers and Spectrometers (ISIS), 135 freely-available through the United States Geological Survey (USGS), and the commercial software SOCET 136 SET, available from BAE Systems. We produced stereo DEMs with a spatial resolution of 1 m/pixel and or-137 thorectified images at 25 cm/pixel. We estimate the vertical precision of the DEMs using previous methods 138 (Kirk et al., 2003; 2008; Okubo, 2010) , the values of which are given in Table 1 . In order to avoid analysis of 139 interpolated data or DEM artefacts, we did not edit our DEMs after production, but instead highlighted and 140 avoided any areas that contained artefacts. Such areas were identified using a hill-shade data product and 141 the DEM itself. This approach was justified in this study, as there were very few artefacts (<<1% of DEM 142 area) in the final DEMs, and none on or nearby any of the studied putative dunes. 
Duneform morphometry 146
The stereo derived DTMs were imported into ArcGIS software, together with the orthorectified images. 147
Putative dunes were identified visually, then topographic profiles created perpendicular to the crest of the 148 dunes to extract data along that line. These profiles provide data describing the dune shape ( very shallow stoss slopes with a mean of 1.7° and maximum of 2.6°. When viewed in HiRISE images (Fig 4c) , 215 the features are smooth and have subtle polygonal-patterned upper surfaces, similar to those of the dunes 216 in site 2. This texture is also found on the eastern channel margin (the channel floor is infilled by later, 217 rougher, blocky material). The surfaces of the rhomboids also contain narrow (< 1 m) lineaments or subtle 218 troughs that are very straight, which can sometimes extend for great distances (up to hundreds of metres), 219
and which sometimes cut across several 'bedforms'. 220
Site 4: This site is located ~ 30 km further along the Lethe Vallis channel from site 3 and appears to host 221 more fields of dune like forms (Fig. 2d) . These bedforms occur on either side of the channel, at a point 222 where it widens after going around a streamlined island that is ~ 7 km long and ~ 1.5 km wide. The dune-223 like forms are larger than at sites 1 and 2, with distances between crests of several hundred metres. The 224 bedforms are crescentic in plan-view shape, and have a steep downstream side and a shallower stoss side. 225
The crest-ridges tend to be oblique to the channel thalweg, with the normal to the crest pointing slightly 226 into the centre of the channel. At the time of writing there was no HiRISE DEM available for this area. Over-227 all, the features here appear to be subdued, with shallower slopes than the other sites, but without high-228 resolution DEM data, this topography can only be assessed qualitatively. These features have the same sur-229 face texture (Fig. 4d) as the rhomboid features in site 3: smooth surfaces with subtle polygonal textures and 230 faint lineations. 231
Morphometry of possible dune features 232
For the three sites with HiRISE DEM coverage, we measured the shape of the putative dunes. For site 1, 233
we measured the same set of features as studied by Burr, et al. (2004) , but used a completely different type 234 of topography data (derived from stereo photogrammetry, rather than shape from shading). This allows us 235 to test Burr et al.'s data, and provide a robust test of their dune hypothesis. We also compared the pro-236 posed bedforms in Athabasca to previous data for terrestrial dunes used in work on the palaeohydrology of 237 the Kuray (Siberia) flood-formed dunes (Carling, 1996a, b) . Table 2 shows a summary of the data collected 238 in this study, together with the data of Burr et al. (2004) and the Carling (1996b) Siberian dunes data. The 239 measurement data were obtained from profiles as described above and shown in Fig. 3 . 240 
The site 1 and 2 dune candidates are similar in size and form, being generally a few metres high and a 245 few tens of metres long (Fig. 5, 6 ). Their stoss slopes are about half as steep as their lee slopes and are gen-246 erally a few times longer in planview. There is little difference between site 1 and 2 -site 2 has slightly 247 smaller and lower features, but they generally plot in the same area on an asymmetry/steepness plot (Fig.  248   5) . The asymmetry/steepness data for sites 1 and 2 are very close to those values shown in Figure 10 of 249 Carling et al. (1996b) showing a similarity in form between the two data sets. This consilience was also 250 found by Burr et al. (Burr et al., 2004; fig 6) . The site 3 features are different though, as shown both by their 251 morphology described above, and in their size and form. They are generally longer (a few hundred metres 252 in length) and about twice as high but flatter (Fig. 6) . It is clear from both morphology and morphometry 253 that the site 3 features are distinct from the site 2 and 3 features. We have no morphometry data for site 4, 254 but do note that they are larger than the site 1 or 2 features. (Burr et al., 2004 ) which argues against these being aeolian dunes. 268
The possible bedforms identified in site 3, the Lethe Valles channel (Figs. 2c and 4c) , share similarities 269 to the Athabasca Valles dunes discussed above but have an exaggerated asymmetry (Fig. 5) Noting these difficulties, we have used a simple set of conditions and equations based on dune 293 morphology alone to make a first order estimate of discharge. We first assume that these bedforms are 294 dunes, rather than antidunes. This assumption seems a reasonable, given the measured asymmetries, as 295 dunes should have longer stoss than lee slopes (see also arguments presented for site 1 by Burr et al., 296 2004). We calculate discharge by (i) first estimating flow depth, from measurements of dune length, (ii) es-297 timating flow speed from Froude numbers inferred from dune morphology, and then (iii) combining these 298 data with measured channel widths to give discharge. 299
Flow depths have been estimated from dune length measurements. Many authorities have noted 300 that flow depth scales with dune height and length. We follow Julien and Klaassen (1995) and van Rijn 301 (1984), who find that, for simple dunes with a consistent cross section across a channel section ("2D 302 dunes"), the following approximation applies: 303
where L is dune length,  a constant, and h is flow depth. Carling (1996b) notes that significant variation 305 exists in this relationship represented in the equations by a range of values for α, where α is 0.7 for devel-306 oping gravel-dunes, falling to 0.4 for the steepest dunes. Values for α of 0.6 to 1.1 are given for fluvial sand 307 dunes. We assume that α = 0.7 because, at least for site 1 and site 2, the dune steepness values are ~0.05 308 to 0.06, consistent with the steepness of 'developing' gravel-dunes given in Carling (1996b) . 'field width' of 2400m (Carling, 1996b) . Using these data with the simplified equation (3) 
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it would seem reasonable that the simplified equations for discharge would be adequate given the limita-332 tions of the Mars data available and the purposes of this study. 333
Site 1. Main Athabasca Channel 334
The mean dune length in site 1 is 50 m (table 2) There appear to be up to nine transverse ridges at this site, making a pattern of dunes similar to the 347 "2D dunes" in site 1. The ridges become progressively shorter in length and less wide along the direction in 348 flow (see Fig. 4b ). The ridges also become discontinuous. This morphological adjustment probably is due to 349 the confluence of another branch of the overspill channel. Although the dunes get progressively shorter 350 and narrower along the dune field they do not appear to reduce in height. They get steeper, and more 351 fragmented in morphology, so they become more like isolated "3D" dunes than ridge-like bars. 3D dunes 352 tend to form at lower Froude numbers (Carling, 1996a) , representing less turbulent and relatively deeperM A N U S C R I P T
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(compared to their velocity) flows. We apply the same technique to estimate discharge as we did for site 1, 354 but note that this may not be applicable for these dunes further down-stream. 355
For the dune ridges furthest upstream in site 2, the largest dune length is 83m with a dune height 356 rate is probably because of the convergence of several narrower channels to one larger, broader channel 362 here (Fig. 7) . Using the mean dune length, the lower, more conservative, Froude number for flow speed 363
here, and the calculated depth and measured 7 km width of the channel (just downstream of C in Fig. 7 ) 364
gives a discharge of about 1. The turbulent nature of the flow suspected to create these type of dunes makes the equations used 387 for site 1 and 2 inappropriate for this area. A very approximate estimate of discharge can be made, though: 388 if these forms were generated in a flow with Froude number of ~1.0 and an approximate channel depth of 389 10-17 m, then, from (2), the flow velocity was about 6-8 ms ) made by Balme et al. (2011) . The discrepancy could be because 392 these dunes formed during peak discharge with high Froude numbers, whereas the whole-channel estimate 393 is based only on the slope, depth and estimated roughness of the channel. 394
Discussion 395
Comparison with previous Martian studies 396
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results gathered from a HiRISE DEM (this study) and from MOCNA photoclinometry (Burr et al., 2004) . This 398 reanalysis validates the arguments and analysis of Burr et al. (2004) and their conclusion that these are 399 flood-formed dunes and is consistent with the flow modelling conducted by Burr (2003) . Our data from the 400 nearby site 2 plot in the same positions as the site 1 data in two different parameter spaces (asymmetry-401 steepness, and length-height). Also, the dune-like forms here have a similar morphology and setting to 402 those in site 1. We conclude that these landforms formed in the same way as those in site 1. This outcome 403 adds further credence to the conclusion that Athabasca Vallis and its tributary channels were formed by (or 404 at least were the conduits for) aqueous floods, and that sub-aqueous dunes formed during such flows. 405
Calculations using data gathered from site 1 give an estimated dune forming discharge of about 406 for gravel dunes (Carling, 1999) ; which trend is plotted in Fig. 6 . which pertains to gravel dunes on Earth, but steeper dunes, which tend to be 3D, also conform to the 438 steepness limit appropriate for water-lain gravel dunes (Equation 6 ). The accordance of the behaviour of 439 M A N U S C R I P T
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23 that the Martian bedforms are alluvial dunes and probably are formed in gravel rather than sand. Such a 441 conclusion is a strong argument for the former presence of large water floods on the Martian surface. In 442 addition, the consilience in the behaviour of flow and the deformation of the channel bed to form dunes on 443 both Mars and Earth is consistent with the classical arguments of Komar (1979; 1980) . Komar (1979; 1980 rock. We must restrict ourselves to concluding that at least some of the forms here are consistent in 465 planview morphology and scale to flood-formed sedimentary dunes. Not least the asymmetry (Fig. 4d) and 466 the strong skewing of the crestlines (Figs. 2d and 4d ) of the site 4 bedforms with respect to the assumed 467 flow direction is consistent with aqueous dunes forming in a strongly three-dimensional flow field (Allen, 468 1984, Vol. 2 p. 145; Rubin and Ikeda, 1990) . A strongly developed three-dimensional flow is consistent with 469 the location of the bedforms on the outside of a channel bend. Taken together, though, the evidence ap-470 pears to be more compelling: within this very large system of erosional channels there are several, widely 471 separated, examples of features that can be interpreted as flood-formed dunes, and that, for at least one 472 site, this interpretation is robust when analysed using two different datasets. 
